Under alkaline pH conditions, Escherichia coli must maintain a stable cytoplasmic pH of about 7.6 that is acidic relative to the environment. Bacteria employ various mechanisms to survive alkaline pH; however, membrane cation/H + antiporters play a primary role by facilitating inward transport of protons. Escherichia coli YqjA belongs to the DedA/Tvp38 membrane protein family and, along with its paralog YghB, is required for growth at 42
INTRODUCTION
Alkaline pH tolerance is a vital feature of many bacterial species including human pathogens, and ecologically and industrially important bacteria. Neutrophilic bacteria like Escherichia coli have the capacity to retain an intracellular pH in the range of 7.5-7.7 when grown at alkaline pH. Recent physiological and genetic studies have elucidated several adaptations which contribute to survival at alkaline pH including higher expression of transporters and enzymes which stimulate proton transport into the cell (for example, the ATP synthase and cation/proton antiporters), upregulation of amino acid deaminases such as tryptophan deaminase or catabolic pathways that yield organic acids (Padan et al. 2005; Krulwich, Sachs and Padan 2011) . A correct balance of ions such as sodium, potassium and protons is critical for protein function and any fluctuation in the concentration of these causes stress to the cell . Cation/proton antiporters are present in most prokaryotes, and many species have multiple antiporters. For instance, five cation/proton antiporters, including NhaA, NhaB, ChaA, MdfA and MdtM, are present in E. coli and contribute to alkaline pH homeostasis (Padan and Landau 2016) . These transporters couple inward transport of protons with the export of cations such as Na + , K + , Li + or Ca 2+ .
The DedA/Tvp38 family is a conserved family of membrane proteins present in bacteria . Our lab has pioneered the characterization of the E. coli DedA/Tvp38 membrane protein family (Thompkins et al. 2008; Liang et al. 2010; Sikdar and Doerrler 2010; Boughner and Doerrler 2012; Doerrler et al. 2013; Sikdar, Simmons and Doerrler 2013; Doerrler 2014, 2015; Kumar et al. 2016) . DedA family proteins YqjA and YghB share 62% amino acid identity and partially overlapping functions (Thompkins et al. 2008) . Simultaneous deletion of these two genes (strain BC202) results in temperature sensitivity (Thompkins et al. 2008) , cell division defects caused by inefficient twin-arginine-dependent export of amidases (Sikdar and Doerrler 2010 ) and biocide sensitivity due inefficient function of PMF-dependent efflux pumps (Kumar and Doerrler 2014) . Growth at pH 6.0 increases the pH component of the proton-motive force (PMF) and rescues all phenotypes of BC202 ( yqjA, yghB; see Table S1 , Supporting Information), suggesting a role in PMF maintenance (Sikdar, Simmons and Doerrler 2013) . Furthermore, membrane-embedded charged amino acids which were previously shown to be important in numerous protondependent transporters including MdfA, NhaA, MdtM and LacY Sigal et al. 2005; Fluman et al. 2012; Holdsworth and Law 2012) are essential for the function of YqjA and YghB (Kumar and Doerrler 2014; Kumar and Doerrler 2015; Kumar et al. 2016) . The yqjA mutant (but not the yghB mutant) is sensitive to alkaline pH, and sodium or potassium is necessary for the function of YqjA at alkaline pH (Kumar and Doerrler 2015) . Based on these observations as well as the noted evolutionary relationship between the DedA/Tvp38 family and the LeuT transporter family (Khafizov et al. 2010) , we have suggested that YqjA is a membrane transporter (Kumar and Doerrler 2015) .
The Cpx and σ E stress response pathways regulate yqjA expression (Dartigalongue, Missiakas and Raina 2001; Price and Raivio 2009 ). The Cpx pathway is a two-component system made up of an inner membrane sensor histidine kinase (CpxA) and a cytoplasmic response regulator (CpxR) (Vogt and Raivio 2012) . CpxR becomes activated in response to the overexpression of envelope proteins such as pilus subunits, elevated pH, altered membrane composition, high osmolarity, adhesion, indole and metal ions (Cu 2+ , Zn 2+ ) (Raivio 2014) . CpxR regulates the expression of genes that participate in numerous cellular processes including degradation of misfolded proteins in the periplasm, protein secretion, motility, multidrug efflux, regulation of two component systems, cell division, biogenesis and modifications of phospholipids and lipopolysaccharide and other processes (Vogt and Raivio 2012; Raivio 2014; Guest and Raivio 2016) . The σ E stress response pathway responds to misfolded and mistargeted outer membrane proteins resulting in the activation of the essential sigma factor σ E (RpoE) via proteolysis of inhibitory factor RseA (Danese and Silhavy 1997; Dartigalongue, Missiakas and Raina 2001) . Cpx and σ E have partially overlapping regulons (Raivio and Silhavy 1999; Vogt and Raivio 2012) . In order to distinguish the uses of various transport systems and their physiological roles, it is important to study the effects of environmental stimuli on the expression of these genes (Shijuku et al. 2002) . In this study, we have analyzed the activity of the yqjA promoter using a reporter gene fusion of the yqjA promoter and lacZ. We found that yqjA promoter activity was higher at alkaline pH than at acidic and neutral pH. Increased activity of the yqjA promoter at alkaline pH required the transcriptional regulator CpxR and extracellular sodium or potassium salts. We also observed a cation dependence for activity of Cpx-regulated genes cpxP and degP. To our knowledge, this is the first report of extracellular cation-dependent activity of CpxR-dependent promoters at alkaline pH. These results are in agreement with our previous observation of the necessity of E. coli YqjA at alkaline pH and aid in better understanding the role of this membrane protein family.
MATERIALS and METHODS

Materials
All chemicals were reagent grade and purchased from SigmaAldrich, VWR, New England Biolabs or Qiagen.
Bacterial growth conditions
Bacterial cultures were grown in LB medium at 37
• C. LB media contained 1% tryptone (w/v), 0.5% yeast extract (w/v) and 1% NaCl (w/v). For some experiments, indicated salts were added to 'salt-free' LB medium (which, it is noted, does harbor residual amounts (1-10 mM) of both sodium and potassium (Ohyama, Igarashi and Kobayashi 1994; Radchenko et al. 2006) . Antibiotics ampicillin (Amp; 100 μg/ml), kanamycin (Kan; 30 μg/ml), tetracycline (Tet; 12.5 μg/ml) and chloramphenicol (Cam; 30 μg/ml) were added as indicated. For studies at alkaline pH, the growth media were buffered with 70 mM BTP (Bis-Tris propane) and pH was adjusted with HCl. For acidic conditions, the growth media were buffered with 100 mM 2-(N-morpholino)-ethane sulfonic acid (MES) as previously described (Sikdar, Simmons and Doerrler 2013) . For some experiments, 0.002% or 0.02% arabinose (w/v) was added to growth media. Alkaline pH sensitivity on solid and in liquid medium was tested as previously described (Kumar and Doerrler 2015) .
Strain construction
Strains used are listed in Table S1 . Mutations from Keio collection strains (Baba et al. 2006) were introduced into Escherichia coli W3110 or TB28 (Bernhardt and de Boer 2003) by P1 transduction (Silhavy et al. 1984) .
Construction of plasmids
Escherichia coli lacZ was amplified from W3110 genomic DNA using primers lacZF and lacZR (Table S2 , Supporting Information). The purified PCR product was digested with SphI and BamHI, and cloned into vector pACYC184 vector (NEB) to give pACYClacZ. The upstream promoter regions of particular genes (yqjA, alx, nhaA, cpxP, degP) were identified with the aid of RegulonDB (http://regulondb.ccg.unam.mx/) and amplified using W3110 genomic DNA with primer pairs yqjAprF/yqjAprR, alxprF/alxprR, nhaAprF/nhaAprR, cpxPprF/cpxPprR and degPprF/degPprR, respectively (Table S2 ). Purified and digested DNA was cloned into plasmid pACYC-lacZ at SalI and SphI sites such that the promoter lies upstream of and controls the expression of lacZ to give plasmids pSK1, pSK2, pSK3, pVT1 and pVT2, respectively (Table S1 ).
The cpxR gene was amplified from W3110 genomic DNA using primers cpxRF and cpxRR (Table S2 ). The purified PCR product was digested with XhoI and HindIII and ligated into a similarly digested vector pBADHisA to give plasmid pBAD-cpxR (Table S1 ). Sequencing of all constructs was performed at the LSU College of Science Genomics Facility.
β-Galactosidase assay
The β-galactosidase (β-gal) assays were performed by using the method of Miller (Miller 1972 ) and modified as described (Sikdar, Figure 1 . pH-dependent yqjA promoter activity. Strain TB28 containing plasmid pSK1 (A), pSK2 (B) or pSK3 (C) was cultured in LB media at 37
• C at the desired pH and assayed for β-galactosidase activity. (A) The yqjA promoter is activated during growth at alkaline pH. The alx (B) and nhaA (C) constructs were used as controls for the experiment and showed an expression pattern in agreement with previous reports (Karpel et al. 1991; Maurer et al. 2005) . TB28 ( lac) cells transformed with vector pACY184 resulted in no detectable β-galactosidase activity (data not shown). Each bar represents the average and standard deviation of three replicates of a representative experiment. Each experiment was repeated three times. Statistical significance was calculated by Student's t-test with each value compared to the value at pH 7. * * * P < 0.001, * * P < 0.01, * P < 0.05.
Simmons and Doerrler 2013).
To analyze the effect of Na + and K + ions on gene expression, salt-free media was supplemented with different concentrations of salts as specified. All cells were grown to an OD of 1.0 in LB medium at pH 7.0 at which time they were washed and inoculated into medium of altered pH and/or salt concentration for 1 h prior to the measurement of β-galactosidase activity. Activity was normalized for cell density.
RESULTS
Activity of the yqjA promoter increases at alkaline pH
The yqjA mutant is alkaline pH sensitive (Kumar and Doerrler 2015) . To explore the physiological roles of yqjA, we analyzed the activity of the yqjA promoter at different pHs using a lacZ fusion. RS28A ( lacZYA, yqjA) (Table S1 ) was alkaline sensitive (data not shown) and was used similarly as BC203 (W3110; yqjA) (Table S1 ) depending on requirements of specific experiments. We constructed plasmids pSK1, pSK2 and pSK3 (Table  S1 ), in which expression of lacZ was under the control of the yqjA, alx (ygjT) and nhaA promoters, respectively, and measured β-galactosidase activity in mid-log phase cells. Each of these genes is upregulated at alkaline pH and/or repressed at neutral and acidic pH (Karpel et al. 1991; Dover and Padan 2001; Maurer et al. 2005) . We measured the activity of the yqjA promoter in a range of pH from 5 to 9.25 in LB media. We found that activity of the yqjA promoter increased as the pH of the media was increased and decreased at acidic pH (Fig. 1A) extending a previously published observation identifying yqjA as an acid repressed gene (Maurer et al. 2005) . We also observed similar alkaline pH-dependent activity of the promoters of alx (Fig. 1B) and nhaA (Fig. 1C ) in agreement with previously published studies (Karpel et al. 1991; Dover and Padan 2001; Maurer et al. 2005) . These observations suggest that yqjA is induced when grown in rich media at alkaline pH.
Increased yqjA, cpxP and degP promoter activity at alkaline pH requires sodium or potassium Sodium or potassium cations are required for YqjA-mediated growth at alkaline pH (Kumar and Doerrler 2015) . We therefore measured the activity of the yqjA promoter at several different Figure 2 . Sodium and potassium-dependent yqjA promoter activity at pH 9. TB28 containing plasmid pSK1 (A, B) or pSK3 (C, D) was cultured at 37
• C in LB media at the desired pH containing increasing concentrations (0, 100, 200 mM) of either NaCl, KCl, sucrose, sodium gluconate or potassium gluconate and assayed for β-galactosidase activity. Each bar represents the average and standard deviation of three replicates of a representative experiment. Each experiment was repeated three times. The data for '0 mM' salt are identical and represent a single data point but are displayed in different colored bars for clarity. Statistical significance was calculated by Student's t-test with each value compared to the value at 0 mM NaCl at the corresponding pH. * * * P < 0.001, * * P < 0.01, * P < 0.05. While certain values reach significance due to small errors associated with the assay (especially at pH 7), the relative magnitude should be taken into account when interpreting these data.
concentrations of these cations at neutral and alkaline pH. At pH 7, the activity of the yqjA promoter is not dependent on the presence of sodium or potassium (Fig. 2A) ; however, as the pH of media was increased, increased activity of the yqjA promoter required sodium or potassium (Fig. 2B) . We observed a similar pattern of expression with both the chloride and gluconate form of sodium and potassium salts ruling out effects of the chloride ions (Fig. 2B ). The effect of sodium and potassium was not linked to changes in osmolarity since the addition of sucrose does not greatly increase the activity of the yqjA promoter (Fig. 2B ). NhaA is regulated by sodium or lithium and not by ionic strength or osmolarity (Karpel et al. 1991) . In agreement with this study, we observed that activity of the nhaA promoter required Na + ions, but not high osmolarity or the presence of K + ions ( Fig. 2C and   D ). These observations suggest that yqjA expression is induced in the presence of sodium or potassium at alkaline pH.
Since yqjA is a member of the Cpx regulon (Price and Raivio 2009), we measured alkaline-dependent activity of promoters of two other Cpx-dependent genes, cpxP and degP, to determine if cations are generally required for CpxR activity. Similar to what was observed for yqjA, there was no cation dependence for promoter activity at pH 7 (Fig. 3A and C) . However, at pH 9, a clear dependence on the presence of sodium or potassium for activity of these Cpx-dependent promoters was observed ( Fig. 3B and D) . Again, gluconate forms of sodium and potassium were suitable but sucrose did not support this increase in promoter activity. This result suggests that extracellular cations may be generally required for maximal expression of members of the Cpx regulon at alkaline pH.
Mutation of cpxR causes an increase in yqjA alkaline pH sensitivity
The Escherichia coli yqjA strain induces the Cpx stress response pathway and is alkaline sensitive (Price and Raivio 2009; Sikdar, Simmons and Doerrler 2013; Kumar and Doerrler 2015) . In addition, a cpxR mutant was shown to be alkaline sensitive signifying a critical role of the Cpx pathway in adaptation to alkaline pH stress ( Sodium and potassium-dependent cpxP and degP promoter activity at pH 9. TB28 containing plasmid pVT1 (A, B) or pVT2 (C, D) was cultured at 37
Transcription of yqjA is regulated by both CpxR (Price and Raivio 2009) and σ E (RpoE) (Dartigalongue, Missiakas and Raina 2001) . In a previous study aimed at identifying genes belonging to the Cpx regulon required for growth, at alkaline pH only the yqjA mutant showed an alkaline-sensitive phenotype (Price and Raivio 2009 ). We asked whether yqjA is the only gene under the control of CpxR responsible for alkaline pH tolerance. The introduction of a cpxR mutation into a yqjA mutant resulted in increased alkaline pH sensitivity on solid and in liquid media ( Fig. 4A and B), suggesting that there might be other genes apart from yqjA under the control of CpxR regulation required for alkaline tolerance. Overexpression of cpxR from a plasmid does not correct the alkaline pH sensitivity of the yqjA mutant (Fig. 5) . Similarly, overexpression of yqjA does not provide alkaline pH tolerance to the cpxR mutant to wild-type level (Fig. 5) and deletion of cpxR reduces the activity of the yqjA promoter at alkaline pH while providing a plasmid copy of cpxR in trans restores this induction (Fig. 6) . These results collectively suggest that while the Cpx stress response is required for induction of yqjA at alkaline pH, other genes in the CpxR regulon apart from yqjA contribute to alkaline pH tolerance in E. coli.
DISCUSSION
For neutrophiles like Escherichia coli, the maintenance of a cytoplasm which is acidic relative to the surrounding environment is critical for survival at alkaline pH (Padan et al. 2005) . The PMF consists of the membrane proton gradient ( pH) and the electrical potential ( ψ) (Krulwich, Sachs and Padan 2011) . The relative magnitudes of these two components help in controlling the cytoplasmic pH. Although there are numerous strategies for alkaline pH homeostasis, cation/proton antiporters play an important role (Padan et al. 2005; Padan and Landau 2016) . The E. coli yqjA strain is sensitive to alkaline pH, and sodium and potassium are required for YqjA function at alkaline pH were grown to OD600 ≈ 0.6 at pH 7 and then 5 μl of serially diluted cells was spotted onto LB plates at pH 7. 0, 8.25, 8.5, 8.75, 9 and 9.25 . The plates were incubated at 37
• C for 24 h. (B) All strains were grown to OD ≈ 1.0 and inoculated into fresh LB media at pH 7, 8.25, 8.5, 8.75, 9 .0. The growth of the cells at 37
• C was measured hourly.
Each bar represents the average and standard deviation of three replicates of a representative experiment. Each experiment was repeated three times. (Kumar and Doerrler 2015) . Using a promoter-lacZ fusion, we measured yqjA promoter activity at various pHs and salt concentrations. Promoter activity was higher at alkaline pH compared to neutral pH and lower at acidic pH (Fig. 1A ) consistent with but also extending the previous observation of repression of yqjA under acidic growth conditions (Maurer et al. 2005) . The expression profile of alx (Fig. 1B) and nhaA ( Fig 1C) was also in agreement with previous reports and served as controls in these experiments (Karpel et al. 1991; Maurer et al. 2005) . We observed that increasing the sodium or potassium concentration in the medium has minimal effect on yqjA promoter activity at pH 7 ( Fig. 2A) but is required for the increased activity at alkaline pH (Fig. 2B) . NhaA, the main Na
antiporter of E. coli, was suggested to function primarily at harboring the control vector pBAD (v) or pBAD-yqjA (+yqjA) or pBAD-cpxR (+cpxR) were grown to OD600≈ 0.6 at pH 7, and 5 μl of serially diluted cells were spotted onto LB-Amp plates at pH 7, 8.5, 8.75, 9 . The plates were incubated at 37
• C for 24 h. Growth at pH 7.0 was carried out in the presence of 0.002% arabinose, while growth at higher pH was in the presence of 0.02% arabinose. The ability of cloned yqjA to restore growth of the yqjA at pH 9.0 was not included due to space limitations but has been reported previously (Kumar and Doerrler 2015) . Overexpression of cpxR appears to cause some toxicity in the yqjA and yqjA, cpxR strains at higher pH. The reasons for this are unclear.
alkaline pH and high sodium levels (Sakuma et al. 1998; Padan et al. 2001; Shijuku et al. 2001) . We observed that the activity of the nhaA promoter is induced specifically by Na + and not by K + or increased medium osmolarity ( Fig. 2C and D) in agreement with previous reports (Karpel et al. 1991; Dover and Padan 2001) . YqjA-mediated growth at alkaline pH required the presence of Na + or K + in the medium (Kumar and Doerrler 2015) . Our results suggest that yqjA expression at high pH requires the presence of Na + and K + ions but is independent of osmolarity of the medium. In addition, extracellular cation-dependent activity of the CpxR-dependent cpxP and degP promoters at elevated pH was observed (Fig. 3) , suggesting that this is a general property of Cpx-dependent promoters. Transcriptomic experiments will be required to confirm this novel observation.
YqjA is a member of the Cpx regulon (Price and Raivio 2009 ) that is activated in response to cell envelope stress including that caused by alkaline conditions (Raivio and Silhavy 1999) . The Cpx stress response pathway is activated by a two-component system made up of the sensor kinase CpxA and the response regulator CpxR (Raivio, Leblanc and Price 2013) . The Cpx regulon includes genes involved in envelope maintenance and quality control, motility, adhesion and other functions (Bury-Mone et al. 2009; Price and Raivio 2009 ). An important role in adaptation to alkaline pH was proposed for YqjA based on alkaline pH sensitivity of both the cpxR and yqjA mutants (Price and Raivio 2009 ) which was confirmed by our laboratory (Kumar and Doerrler 2015) . Mutation of cpxR in the yqjA background results in additional alkaline pH sensitivity suggesting the presence of another Cpx regulon gene or genes that contributes to alkaline pH tolerance (Fig. 4A) . A candidate is CpxP, also required for growth at alkaline pH (Danese and Silhavy 1998) . In any case, it is clear that expression of yqjA at alkaline pH is mainly under Cpx control as deletion of cpxR abolishes activity of the yqjA promoter (Fig. 6) . The requirement of monovalent cations for the induction of yqjA at alkaline pH is consistent with an in vitro study that showed potassium, and alkaline pH (but not high osmolarity or sodium) stimulates the autokinase activity of CpxA in proteoliposomes (Fleischer et al. 2007 ). To our knowledge, this is the first in vivo demonstration of a dependence upon extracellular cations for CpxR-dependent gene expression at alkaline pH in any organism. Figure 6 . CpxR-dependent yqjA promoter activity. Expression of yqjA as measured by β-galactosidase production from plasmid pSK1 at pH 7, 8, 8.5 in parent strain TB28, cpxR and the vector control (V) and cpxR plasmid (+cpxR) complemented cpxR mutant. Standard LB medium (containing 170 mM NaCl) was used and 0.002% arabinose was used for induction of mid-log phase cells. Each bar represents the average and standard deviation of three replicates of a representative experiment. Each experiment was repeated three times. Statistical significance was calculated by Student's t-test with the value for TB28 compared to the value of cpxR and cpxR (V) compared to the value of cpxR (+cpxR) at each indicated pH. * * * P < 0.001, * * P < 0.01.
YqjA and YghB are the best-studied members of the DedA/Tvp38 membrane protein family. Previously, we characterized the importance of YqjA/YghB in strain BC202 in PMFdependent processes in E. coli including twin arginine protein export, drug efflux and alkaline pH tolerance (Thompkins et al. 2008; Sikdar and Doerrler 2010; Sikdar, Simmons and Doerrler 2013; Kumar and Doerrler 2014; Kumar and Doerrler 2015) . A number of envelope stress response pathways including the Cpx pathway are constitutively upregulated in BC202 (Sikdar, Simmons and Doerrler 2013) . Artificially increasing the pH component of the PMF and overexpression of mdfA, encoding a well-known Na + -K + /H + antiporter, rescues all of these BC202 phenotypes (Sikdar, Simmons and Doerrler 2013; Doerrler 2014, 2015) . YqjA and YghB possess conserved acidic (E39 and D51) and basic (R130 and R136) amino acids within or in close proximity to transmembrane spanning domains that are required for the function of both proteins Doerrler 2014, 2015; Kumar et al. 2016) . Such charged amino acids play essential roles in various proton-dependent secondary transporters including MdfA, NhaA, MdtM and LacY (Gerchman et al. 1993; Noumi et al. 1997; Adler and Bibi 2004; Sigal et al. 2005; Fluman et al. 2012; Holdsworth and Law 2012) . DedA proteins are evolutionarily related to and may share a structural motif with LeuT, a member of neurotransmitter: sodium symporter family (Khafizov et al. 2010) . These observations led us to propose that YqjA and possibly other members of the DedA/Tvp38 protein family are a new family of proton-dependent membrane transporters (Sikdar, Simmons and Doerrler 2013; Doerrler 2014, 2015) . In other bacterial species, DedA family proteins may play roles in resistance to antimicrobial cationic peptides including polymyxin antibiotics (Shi et al. 2004; Tzeng et al. 2005; Jana et al. 2017) . The results of this study help in better understanding the physiological roles of YqjA and provide novel insight into regulation of the Cpx stress response pathway.
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